Introduction
============

Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide[@B1]. According to some epidemiologic studies, around 780,000 new patients were diagnosed worldwide in 2012 and nearly 750,000 cases of HCC-related death were reported, which makes it the third leading cause of cancer-related death in the world[@B2]. With the development of medical technology, early diagnosis and advanced therapeutic approaches have improved survival rates of HCC individuals[@B3]. However, due to lack of early symptoms, HCC is usually diagnosed at advanced stage and its therapeutic options are limited, in which cases, patients generally die within a few years of diagnosis. Thus, it is essential to illuminate the molecular mechanisms underlying tumorigenesis and metastasis in HCC and find novel therapeutic targets for HCC patients[@B4].

Holliday Junction Recognition Protein (HJURP) is identified as a sort of centromeric protein that plays a pivotal role in the assembly and maintenance of histone H3-like variant CENP-A[@B5], and it helps the recruitment of CENP-C and mediates chromosome segregation and cell division[@B6]. It has been reported to have a significantly higher expression in HCC tissues compared to non-tumor tissues[@B7], [@B8]. Overexpression of HJURP accelerates HCC proliferation *in vitro* and it leads to an unfavorable clinical outcome in hepatocellular carcinoma[@B7]. In addition, Huang et. al. indicated that SNP of HJURP, rs3771333 plays an important role in mediating the susceptibility to HCC in Chinese population[@B9]. However, there are no studies illuminating the mechanism of HJURP in tumor metastasis.

Epithelial-to-Mesenchymal Transition (EMT), known as the ability of epithelial cells to transdifferentiation into mesenchymal cells, plays an important role in embryonic development, tissue repair, organ fibrosis and cancer progression[@B10]-[@B12]. During the progress of EMT, epithelial cells reorganize their cortical actin cytoskeleton, undergo a change in cell shape, decrease cell-cell adhesion and increase the motility of individual cells, which enables the development of an invasive phenotype[@B13]. Generally, EMT is mediated by key factors, including SNAIL, zinc-finger E-box-binding (ZEB), lymphoid enhancer binding factor-1 (LEF-1) and basic helix-loop-helix transcription factors[@B14], [@B15]. Besides, Sphingosine kinase1 (SPHK1) can transform sphingosine to sphingosine 1-phosphate, which has been reported to play an important role in regulating EMT in human neoplasms[@B16]. Xu et.al. showed that SPHK1 modulates the expression of EMT-related markers and cell migration by regulating the expression of p-FAK in colorectal cancer cells[@B17]. Liu et. al. demonstrated that SPHK1 induces EMT by facilitating E-cadherin lysosomal degradation in HCC cells[@B18]. Although SPHK1 has been demonstrated to be important in EMT, the role of SPHK1 in HJURP- induced EMT remains to be clarified.

Herein, we investigated the role of HJURP involved in HCC metastasis and analyzed the relation between HJURP expression and clinicopathological features.

Materials and Methods
=====================

Lentivirus vector information
-----------------------------

The lentivirus of HJURP and SPHK1 were constructed in Genechem Company (Shanghai, China). HJURP and SPHK1 overexpression vector: Ubi-MCS- 3FLAG-SV40-IRES-puromycin. HJURP knockdown vector: hU6-MCS-Ubiquitin-IRES-puromycin. Transfection of lentivirus was based on manufacturer′s instruction book.

Cell migration and invasion assays
----------------------------------

Cell migration and invasion assay were performed by Millicell Cell Culture Inserts (8μm pore size, Millipore, USA). Briefly, 5×10^4^ cells were seeded in serum-free medium into upper insert with (invasion assay) or without (migration assay) Matrigel Matrix (BD, USA). The subjacent compartment was added with 10% FBS medium. After incubation for 48h, cells on the lower surface of insert were fixed with 4% paraformaldehyde and stained using 0.5% crystal violet solution.

Western-blot
------------

All cell lysates were extracted with RIPA (Cell Signaling Technology, USA) and proteinase inhibitor (Cell Signaling Technology, USA), which were mixed in advance. The supernatant was collected from samples after centrifugation at 12,000 g for 15min. Protein concentrations were measured using the BCA protein assay kit (Thermo Scientific, USA) according to the manufacturer\'s instructions. Equal amounts of protein (30ug) were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- PAGE) (Thermo Scientific, USA) and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, USA). Membranes were blocked with Tris- buffered saline plus Tween 20 (TBST; 0.1% Tween-20) containing 5% non-fat dry milk at room temperature and incubated with corresponding primary antibodies overnight at 4°C. Primary antibodies include mouse anti-human GAPDH monoclonal antibody, HJURP (Abcam, UK), E-Cadherin, N-cadherin, Vimentin, and SPHK1 (Cell Signaling Technology, USA). After washing with TBST, the membranes were incubated with horseradish peroxidase-labeled secondary antibodies (1 : 5000) for 1h at room temperature. The membranes were detected by enhanced chemiluminescence method (Thermo scientific, USA).

Co-Immunoprecipitation (Co-IP)
------------------------------

Cell samples were lysed in a IP lysis buffer containing 1mM MgCl~2~, 100 mmol/L NaCl, 1mM DL-dithiothreitol (DTT) (Life Technology, USA) and protease inhibitor cocktails (Cell Signaling Technology, USA). The homogenates were incubated on ice for 30-45 min. Subsequently, cell samples were centrifuged at 2600g for 15 min at 4°C. The total cell lysates were used for immunoprecipitation with HJURP and SPHK1 primary antibodies on protein A/G mix beads (Thermo Scientific, USA) overnight. After overnight incubation, the immunoprecipitates were collected and washed three times and prepared for western-blot analysis.

RT-qPCR
-------

Total RNA was extracted from HCC cell lines or tissue samples using Trizol Reagent (Life, USA) according to the manufacturer′s instruction. To analysis the expression of mRNA, total RNA was reverse transcribed to cDNA using Prime Script RT master mix (Takara, Japan), after which Quantitative Real Time-PCR (RT-qPCR) was performed with SYBR Premix Ex Taq (Takara, Japan). It was calculated by using the 2-ΔCT method and GAPDH was taken as the endogenous control. The relative expression of HJURP between HCC cell lines was calculated using the 2-ΔΔCT method. The sequences of primers used were listed in Table [1](#T1){ref-type="table"}.

Immunofluorescence assay
------------------------

For immunofluorescence assay, 5×10^4^ stable transfected tumor cells were seeded in 2 mm confocal plate (Nunc, USA) for culture in indicated incubator. Cultured cells were fixed with 4% paraformaldehyde and then permeabilized by 0.25% TritonX-100. After blocking with 1% bovine serum albumin (BSA), primary antibodies against E-cadherin (1:50) and Vimentin (1:100) (Cell Signaling Technology, USA) were added into each plate for an overnight incubation at 4°C. A secondary antibody (1:200, Sigma-Aldrich, USA) was incubated at 37°C for 30 min and DAPI was used to stain the nuclei at room temperature for 15 min. The images were captured by a fluorescence microscope (Olympus BX53, Japan).

*In vivo* metastasis assays
---------------------------

To establish *in vivo* metastasis assays,1×10^6^ tumor cells per mouse were suspended in 50 μl PBS and injected via tail vein. After 10 weeks, liver and lung were harvested for H&E staining and calculation of metastasis lesions.

Statistical analysis
--------------------

The data are presented as mean ±SD. Comparisons between two groups were analyzed by Student\'s*t* test. The overall survival rate (OS) and disease free survival rate (DFS) curves of HCC patients based on Kaplan-Meier method were plotted using the log-rank test. The correlations between HJURP and clinicopathological features were assessed with χ^2^ tests. *P* values \< 0.05 were considered statistically significant, \* represents *P* \< 0.05, \*\* represents *P* \<0.01 and \*\*\* represents *P* \< 0.001.

Results
=======

The expression of HJURP in HCC cell lines and tissues
-----------------------------------------------------

For the role of HJURP in HCC, we examined the expression of HJURP in HCC cell lines and clinical tissues. Data from Oncomine database revealed that mRNA of HJURP increased in HCC tissues (Figure [1](#F1){ref-type="fig"}A). Western-blot showed that HJURP remarkably overexpressed in five HCC cell lines compared to an immortalized hepatic cell line (L02) (Figure [1](#F1){ref-type="fig"}B). In addition, immunohistochemistry (IHC) staining and western-blot revealed that HJURP was significantly higher in HCC tissues than that in adjacent normal tissues (Figure [1](#F1){ref-type="fig"}C, 1F). Then, HCC-LM3 and Huh7 were used to construct HJURP stable transfected HCC cell lines. And the efficiency of HJURP-silenced and HJURP-overexpressed HCC cell lines were confirmed by western-blot (Figure [1](#F1){ref-type="fig"}D).

HJURP promotes cell migration and invasion by activating Epithelial-to-Mesenchymal Transition *in vitro* and facilitates tumor metastasis*in vivo*
--------------------------------------------------------------------------------------------------------------------------------------------------

For more biological functions of HJURP, transwell assay was used to validate the migration and invasion capabilities of HCC cells. HJURP knockdown dramatically suppressed Huh7 and HCC-LM3 cells invasion and migration. Inversely, overexpression of HJURP in Huh7 and HCC-LM3 cells promoted its invasion and migration (Figure [2](#F2){ref-type="fig"}A and B, Supplementary Figure [1](#SM0){ref-type="supplementary-material"}A, 1B). Moreover, we established an *in vivo* tumor metastasis model to study the effect of HJURP on pulmonary metastasis. In consistent with results of *in vitro* experiments, HJURP down-expression HCC-LM3 cells caused less lung metastasis clusters than its control group (Figure [2](#F2){ref-type="fig"}C). Subsequently, we studied EMT proteins to understand the mechanism in relation to HJURP mediated aggressive effect. And E-cadherin was significantly upregulated whereas Vimentin were downregulated in HJURP-knockdown HCC-LM3 cells. And the same results were mirrored in HJURP overexpression group (Figure [2](#F2){ref-type="fig"}D). Immunofluorescence assay revealed that HJURP silence significantly enhanced the expression of E-cadherin and inhibited the expression of vimentin. Besides, HJURP overexpression in Huh7 cells resulted in E-cadherin decrease and vimentin enhancement (Figure [2](#F2){ref-type="fig"}E).

HJURP facilitates EMT via upregulating Sphingosine Kinase 1
-----------------------------------------------------------

To further investigate the mechanism of HJURP induced EMT, we performed a microarray analysis in Huh7 cells (Figure [3](#F3){ref-type="fig"}A). Based on the results of microarray, 85 genes were upregulated and 79 genes were downregulated. In those 164 differential expressed genes, 20 EMT-related genes were tested by RT-qPCR. Dramatically, only Sphingosine Kinase 1 (SPHK1) changed with HJURP knockdown or overexpression (Figure [3](#F3){ref-type="fig"}B). And the KEGG pathway analysis proved that HJURP regulated sphingosine metabolites process (Figure [3](#F3){ref-type="fig"}C). According to this result, we wondered whether HJURP induced EMT via SPHK1. To address that hypothesis, we detected the expression of SPHK1 in HJURP knockdown and overexpression cells respectively. Western-blot showed that HJURP silence inhibited the expression of SPHK1. Conversely, HJURP overexpression increased the expression of SPHK1 (Figure [3](#F3){ref-type="fig"}E). Moreover, SPHK1 overexpression significantly reversed the invasion abilities and EMT markers (E-cadherin, Vimentin and N-cadherin) in HJURP- knockdown Huh7 and HCC-LM3 cells (Figure [4](#F4){ref-type="fig"}A and B). To further elucidate whether HJURP interacts with SPHK1, Co-IP assay was performed to detect endogenous HJURP and SPHK1 in HCC-LM3 cells. As shown in Figure [3](#F3){ref-type="fig"}F, HJURP was found to be co-precipitated with SPHK1.

The expression of HJURP is positively correlated with SPHK1
-----------------------------------------------------------

We next determined the correlation between HJURP and SPHK1. Data from The Cancer Genome Atlas (TCGA) database showed that mRNA of SPHK1 was correlated with that of HJURP (Figure [3](#F3){ref-type="fig"}D). Furthermore, immunohistochemistry of HCC tissues revealed that 72.86% HCC specimens with high HJURP expression were accompanied with high SPHK1 expression. Similarly, 71.43% of samples with low HJURP expression displayed weak staining of SPHK1 (Figure [5](#F5){ref-type="fig"}A and B).

High HJURP expression predicts poor clinicopathological features of HCC patients
--------------------------------------------------------------------------------

We previously reported HCC patients with high HJURP expression showed lower overall survival rate than that with low HJURP expression[@B8]. In this study, we performed analysis between HJURP expression and some clinicopathological features (Table [2](#T2){ref-type="table"}). We found that high HJURP expression prompted a lower disease-free survival rate and more microvascular invasion in HCC patients (Figure [5](#F5){ref-type="fig"}C and Table [2](#T2){ref-type="table"}). Besides, the multivariable cox analysis revealed that HJURP is an independent risk factor of tumor recurrence(Table [3](#T3){ref-type="table"}).

Discussion
==========

HJURP has been demonstrated to be correlated with different kinds of cancer including HCC. According to current studies, HJURP acts as an oncogene in HCC[@B7], [@B8]. Although HJURP has been reported to mediate HCC proliferation, HJURP- induced metastasis has not yet been studied.

In this study, we demonstrated that HJURP was significantly overexpressed both in HCC cell lines and clinical specimens. And HJURP promoted HCC cell migration and invasion *in vitro* and facilitates HCC cells metastasis *in vivo*. According to current reports, EMT is one of the major causes of cancer metastasis [@B19]. And a hallmark of EMT is the downregulation of E-cadherin, accompanied with the upregulation of mesenchymal markers, such as N-cadherin and Vimentin[@B20], which is called \'cadherin switch\' to alters cell-cell adhesion[@B21], [@B22]. In our study, HJURP knockdown suppressed HCC cell migration and invasion, led to upregulation of E-cadherin and downregulation of N-cadherin and Vimentin. Thus, we revealed that HJURP promotes HCC migration and invasion through facilitating EMT.

SPHK1 is a regulator of sphingosine metabolites, which can facilitate the development of human neoplasms including HCC. Zhang and Bao et.al. reported that SPHK1 overexpression facilitates the migration and invasion in SMMC-7721 cells[@B23], [@B24]. We found that the expression of SPHK1 is positively correlated with HJURP both in HCC cells and tissues. And the KEGG analysis revealed HJURP could mediate the sphingolipid metabolite process, so we conjectured that HJURP promotes EMT via SPHK1. Besides, SPHK1 overexpression in HJURP-knockdown cells reversed the invasion abilities and the expression of EMT markers in HCC-LM3 and Huh7 cells. Given that HJURP facilitates EMT by interacting with SPHK1 (as shown in Co-IP assay), the underlying mechanism involved in SPHK1 mediated EMT in HCC remains interesting. Although we did not research it in this work, it has been clarified in Liu′s research[@B18]. They revealed that SPHK1 promotes the EMT by stimulating autophagy and then accelerating the lysosomal degradation of the epithelial marker E-cadherin in HCC cells. According to current reports and our results, we consider that HJURP can promote EMT via SPHK1.

We have reported that high expression of HJURP predicts lower overall survival rate of HCC patients[@B8]. In this work, we found that high HJURP expression positively correlated with EMT and microvascular invasion in HCC individuals. As microvascular invasion is a major step in the process of tumor metastasis, we consider that those two findings consistent with each other.

In conclusion, we demonstrated that HJURP regulated EMT via upregulating SPHK1. In addition, high HJURP expression predicts a lower disease-free survival rate and higher possibility of microvascular invasion.
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![**HJURP is highly expressed in HCC tissues and cell lines.** (A) mRNA level of HJURP in Oncomine database. (B) Western-blot analysis of HJURP in five different HCC cell lines and one immortalized hepatic cell line (L02). (C) Immunohistochemistry staining of HCC tissues and adjacent normal tissues (magnification: 200X). (D)Relative mRNA level of HJURP in five different HCC cell lines and one immortalized hepatic cell line. (E) The efficiencies of HJURP knockdown and overexpression were detected by western-blot. (F) HJURP was detected by western-blot in 10 pairs of HCC and adjacent tissues (T: tumor tissues; N: normal tissues).](ijbsv15p1139g001){#F1}

![**HJURP promotes cell migration and invasion by activating Epithelial-to-Mesenchymal Transition *in vitro* and facilitates tumor metastasis *in vivo*.** (A) The invasion and migration abilities were significantly decreased in HJURP-knockdown group (HJURP-KD) HCC-LM3 and Huh7(B) cells compared to the control group (NTC). (C) Representative pictures H&E staining from HJURP-KD and NTC group (n=4). Lung metastasis lesions were shown by black arrows. (D)EMT related protein (E-cadherin, Vimentin) were detected by western-blot. (E) E-cadherin (red) and Vimentin (green) were analyzed by immunofluorescence in HCC-LM3 cells (HJURP-knockdown) and Huh7 cells (HJURP-overexpression).](ijbsv15p1139g002){#F2}

![**HJURP facilitates EMT via upregulating Sphingosine Kinase 1.** (A) Microarray analysis of NTC and KD group in Huh7 cells. (B) EMT-related genes were analyzed by RT-qPCR in HCC-LM3 and Huh7 cells. Relative mRNA levels of 20 genes (left) and SPHK1 (right) are shown. (C) KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways enriched in 164 genes whose expression is correlated with HJURP. The sphingolipid metabolic progress is marked with "\*". (D) Scatter plots shows a positive correlation between HJURP and SPHK1 at the mRNA level. Data were from TCGA database. (E) The protein level of HJURP and SPHK1 were detected by western-blot in HCC-LM3 and Huh7 cells. (F) Co-Immunoprecipitation assay shows HJURP interacts with SPHK1 in HCC-LM3 cells.](ijbsv15p1139g003){#F3}

![**The effects of SPHK1 overexpression on HJURP induced EMT.** (A) Compared to HJURP KD group, SPHK1 overexpression (KD+SP) significantly enhanced the invasive ability in HJURP-knockdown Huh7 and HCC-LM3 cells. (B) SPHK1 overexpression in HJURP knockdown group increased the expression of E-cadherin but decreased the expression of N-cadherin and Vimentin.](ijbsv15p1139g004){#F4}

![**The expression of HJURP is positively correlated with SPHK1 and high HJURP expression predicts poor disease-free survival rate of HCC patients.** (A) and (B) Immunohistochemical staining of HCC tissues showed that high HJURP expression is correlated with high SPHK1 expression (magnification: 200X). (C) Kaplan-Meier analysis showed that HCC patients with low HJURP expression had a better disease-free survival rate than patients with high HJURP expression.](ijbsv15p1139g005){#F5}

![The schematic model of HJURP-induced metastasis in HCC.](ijbsv15p1139g006){#F6}

###### 

The sequences of primers.

  Gene              Sequence of primers (3′-5′)
  ------- --------- -----------------------------
  HJURP   Forward   AGTGCCTTTATGTATTGGAG
          Reverse   AAGTGAGGGTCTGGATTTA
  SPHK1   Forward   CATCACGGCCTGTAAAAAGGT
          Reverse   ATCTTCCACAAACCCAATCTGG
  GAPDH   Forward   GAACATCATCCCTGCCTCTACT
          Reverse   ATTTGGCAGGTTTTTCTAGACG

###### 

Relation between HJURP expression and clinicopathological features in HCC patients.

                                     HJURP expression                    
  ---------------------------------- ------------------ ---------------- -------------
  **Clinicopathological features**   **Low(n=49)**      **High(n=70)**   **P value**
  **Sex**                                                                0.31
  Male(n=105)                        45                 60               
  Female(n=14)                       4                  10               
  **Age(years)**                                                         0.06
  \>65(n=22)                         13                 9                
  ≤65(n=97)                          36                 61               
  **HBV**                                                                0.29
  Positive(n=102)                    40                 62               
  Negative(n=17)                     9                  8                
  **PVTT**                                                               0.09
  Yes(n=29)                          8                  21               
  No(n=90)                           41                 49               
  **MVI**                                                                0.02\*
  Yes(n=51)                          15                 36               
  No(n=68)                           34                 34               
  **Recurrence**                                                         0.53
  Yes(n=59)                          26                 33               
  No(n=60)                           23                 37               
  **Encapsulation**                                                      0.71
  Yes(n=51)                          22                 29               
  No(n=68)                           27                 41               

PVTT: portal vein tumor thrombus; MVI: microvascular invasion. *P* value marked with "\*" are statistically significant.

###### 

Multivariable cox analysis of tumor recurrence.

  Variables       P value     HR(95%CI)
  --------------- ----------- ---------------------
  Sex             0.156       0.462(0.154-1.381)
  Age             0.692       0.994(0.969-1.021)
  HBV             0.671       1.206(0.616-2.361)
  PVTT            0.766       0.593(0.121-2.901)
  MVI             \<0.001\*   7.050(3.626-13.705)
  Encapsulation   0.444       0.736(0.317-1.708)
  HJURP           0.038\*     1.945(1.007-3.745)

HR: risk ratio; 95%CI: 95% confidence interval. *P* value marked with "\*" are statistically significant.

[^1]: \*These authors contributed equally to this work.

[^2]: Competing Interests: The authors have declared that no competing interest exists.
